BACKGROUND: Measurement of ovarian follicles by ultrasound is common practice in fertility treatment. However, the effect of the speed of sound is not taken into account. We present results from a study aimed at measuring this. METHODS: The speed of sound was measured in samples of follicular fluid aspirated from patients undergoing fertility treatment. The transmitted and received pulses from a single element ultrasound transducer were recorded using a digital oscilloscope for a pulse passed through a sample of the fluid. The distance over which the pulse travelled was known from calibration with pure water. Variation with temperature was investigated in the range 25-458C. Dependence on ultrasound frequency, patient and time from aspiration were also investigated. RESULTS: The speed of sound in follicular fluid was found to be 1550 6 3 m/s at 37.38C using 5.0 MHz ultrasound. The speed varied from 1528 6 3 m/s at 24.88C to 1561 6 3 m/s at 44.88C. Variation with patient, time and frequency were not detected. CONCLUSION: The speed of sound in follicular fluid at body temperature is 1550 m/s. This small difference from the speed assumed by the ultrasound machine corresponds to the systematic bias in volume measurement evident in previously published results.
Introduction
Measuring the size of ovarian follicles plays a vital role in the management of treatments such as IVF and ovulation induction. Currently, standard practice is to determine a mean follicular diameter based upon measurements in two dimensions. However, the follicular volume has been proposed as a more useful measurement (Saith et al., 1988; Penzias et al., 1994; Kupesic, 2001 ). These volume measurements have been obtained both manually (Kyei-Mensah et al., 1996a,b; Raine-Fenning et al., 2003) and automatically (ter Haar-Romeny et al., 1999; Gooding et al., 2003) .
An ultrasound machine calculates the depth (or, more strictly, the distance along a scan line) from the time taken for the pulse to return. The depth is calculated using the assumption that the speed of sound is 1540 m/s in soft tissue (Gent, 1997) . Therefore, a difference in the true speed of sound will have an impact on the accuracy with which measurements can be made. Thus, herein we measured the speed of sound in follicular fluid to determine the order of magnitude of any potential error. Although a 1% difference in the speed of sound from that assumed will only affect a diameter measurement by 1%, the volume estimated from a three-dimensional scan could potentially be 3% in error, assuming that follicles can be measured as spheres. It is therefore important to know the speed of sound in the tissue that is being measured, in order to ensure, or improve, the accuracy of volume measurement by ultrasound.
Materials and methods
Follicular fluid was collected at the time of ultrasound-guided, transvaginal, oocyte recovery during five IVF treatment cycles. Care was taken to minimize contamination with flushing media or blood, and to this end only the fluid from the first few follicles aspirated was collected, after the removal of any oocytes. The fluid was stored in a sealed container at room temperature until it was processed. The fluid from several follicles was pooled for each patient to produce a volume in excess of the minimum of 10 ml required for the measurement apparatus.
To measure the speed of sound, a single element ultrasound transducer (D69759 3.5 MHz and D51709 5.0 MHz, Cygnus Instruments, UK) was used in conjunction with a pulse generator (Panametrics 500PR, Panametrics-NDT, Waltham, MA). The pulse generator was connected to an oscilloscope (Infinium 54820A, Agilent Technologies, Palo Alto, CA) to record both the transmitted and received pulses. The fluid measured was held in a machined perspex cylinder with a flat bottom, into which the transducer was screwed, allowing precise vertical positioning of the transducer to within a tenth of a millimetre. It also ensured that the element face was parallel to the cylinder bottom on which the ultrasound pulse was reflected. The cylinder and transducer were held in a temperature-controlled water bath (LVF6, Grant Instruments, Cambridge, UK) such that all of the follicular fluid within the cylinder was submerged. The temperature of the water bath varied by up to 0.18C and reached a steady state ,0.28C below the target temperature, as indicated on the water bath display. The oscilloscope output was processed on a personal computer. The signal envelope was found from the magnitude of the analytical signal, calculated using a discrete Hilbert transform (Bracewell, 2000) . The time of flight was calculated as the mean of the time differences between matched landmarks on the envelopes of the transmitted and received pulses. The landmarks used were the points of one-third maximum power on the leading and trailing edges of the pulse envelopes, as these were found to be more stable than the maximum power itself. These landmarks were identified automatically.
The total distance travelled by the ultrasound pulse was calibrated by measuring the time of flight in pure water at 37.38C. The speed of sound in pure water was taken from the National Physics Laboratory's interactive version (NPL 2004) of the Marczak equation (Marczak, 1997) . The distance calibration was confirmed by testing at 24.8 and 49.88C.
Experiment 1: variation of speed with time from aspiration For the purpose of in vitro experimentation, it was necessary to ensure any changes in the speed of sound occurring in the time after aspiration were quantified. The speed was therefore measured at 37.58C for one sample at ,24, 96 and 120 h from the time of aspiration, using the 5.0 MHz transducer.
Experiment 2: variation of speed with temperature Although body temperature is assumed to be 37.58C, there is some evidence to suggest that ovarian follicles normally function at a lower temperature (Hunter et al., 1997; Luck et al., 2001 ). Therefore, the effect of temperature on the speed of sound in follicular fluid was studied in the range 25-458C. Measurements of the speed of sound were made at 258C and at 2.58C intervals from 30 to 458C. Although the large range of temperatures is not representative of normal ovarian temperature, use of measurements over this range aids fitting of a suitable parametric model for variation of the speed with temperature. This model can be used to estimate smaller variations. Repeated measurements (varying numbers of measurements, minimum five at 458C, maximum 26 at 37.58C, see Table I ) were made for a single patient sample at each temperature using the 5.0 MHz transducer, to ensure that the fluid had reached a steady temperature and that the average measurement would be representative despite any minor fluctuations in temperature.
Experiment 3: variation of speed with frequency Follicular scanning is performed at a wide range of frequencies, typically 5 -12 MHz. To investigate if the frequency affects the speed of sound, measurements were taken at 37.58C using the 5.0 and 3.5 MHz transducers.
Experiment 4: patient dependence
The composition of follicular fluid, which varies with the stage of oocyte maturity (Gerard et al., 2002) and between patients, will inevitably affect the speed of sound transmission. Although it is not possible to measure the fluid composition in vivo to correct for this factor, it is important to quantify the range of such error. To determine if the variation of the speed of sound between patients is significant, the speed of sound in samples from five patients was measured at 37.58C.
Results

Calibration results and error analysis
The distance travelled by the pulse was 0.0623 m for the 5.0 MHz transducer and 0.0570 m for the 3.5 MHz transducer. The distance could be adjusted to a precision of^0.0001 m each time the sample was changed. At 1550 m/s this range in distance corresponds to a range of about^3 m/s in the corresponding speed measurement. Therefore, when the sample has been changed, for the patient and frequency dependence experiments, any changes of , 3 m/s cannot be detected, or considered significant.
Where the sample has not been changed, the greatest source of error comes from the temporal resolution of the oscilloscope, which was 5 £ 10 28 s. Any variation in the time taken for the pulse can only be detected to this precision. This corresponds to a quantization on the speed of sound of , 1 m/s. Changes in the speed of sound within the range cannot be detected or considered significant.
Where multiple readings have been taken, the median result has been given in the text.
Variation with time
The speed of sound in follicular fluid was 1550.5, 1550.5 and 1549.8 m/s for 24, 96 and 120 h from aspiration, respectively. Thus, no significant variation with respect to time was found.
Variation with temperature Table I gives the median, mean, SD and the number of samples at each temperature.
Variation with frequency
The measurements for the speed of sound were 1551.7 m/s (1551.3 -1552.1 m/s) and 1547.2 m/s (1545.6 -1547.2 m/s) for the 5.0 and 3.5 MHz probes, respectively. This difference is within the experimental error range; therefore, no significant variation with frequency could be detected.
Variation with patient
The measurements for the five patients were 1552.1, 1550.5, 1552.1, 1546.7 and 1550.2 m/s. The difference recorded is within the experimental error range; therefore, no variation with patient could be detected.
Discussion
Three-dimensional ultrasound scanning is becoming increasingly utilized in the clinical setting, and its use in follicular measurement is gradually developing. The reasons for this transition to 3D include the improved measurement accuracy and repeatability that come from analysis of an entire object rather than just a single plane (Kupesic, 2001) . If quantitative accuracy is desirable, then it is imperative that any sources of error are eliminated. One such error comes from assuming an incorrect speed of sound for use in image reconstruction. The speed of sound in follicular fluid at 37.38C was found to be 1550^3 m/s using a 5.0 MHz ultrasound transducer, not the value of 1540 m/s that is typically used by computer software in ultrasound machines when calculating volumes. The difference translates into measurements that underestimate ovarian follicular volumes by up to 2%, which corresponds to the systematic bias of 0.11 ml for follicles of mean volume 6.8 ml, evident in a previously published report (KyeiMensah et al. 1996a) . Increasing the temperature of the follicular fluid from 25 to 458C produced a change in the speed of sound from , 1527 to 1561 m/s. The reported variation in the temperature of the ovary below normal body temperature of up to 28C (Hunter et al. 1997) equates to an in vivo reduction in the speed of sound in the follicular fluid to 1547 m/s from 1551 m/s.
Any variation in the speed due to the time from aspiration, transducer frequency or individual patient differences was within the experimental error and could not be detected. However, the small range of transducer frequencies and the small number of patients used for these experiments mean that a strong conclusion cannot be drawn from this part of the work.
In summary, it is important to verify the speed of sound when using ultrasound for quantitative measurement, such as volume measurement. For instance, in the authors' current work on computer-assisted 3D measurement of ovarian follicles (Gooding et al., 2003) , this is a potential source of error. In the case of follicular fluid, we have shown the speed to be 1550 m/s compared with 1540 m/s which is assumed in practice. The question then is, is the resulting error due to this assumption significant? With regard to follicle diameter measurement, observer error is an order of magnitude greater (Forman et al., 1991) than the error introduced by an incorrect assumption of the speed of sound. Thus based on our findings, correction would not influence day-to-day practice. However, the improved accuracy (Kyei-Mensah et al., 1996a) and repeatability (Kyei-Mensah et al., 1996b) of follicle volume measurements over diameter measurement means that the error introduced by an incorrect assumption of the speed of sound is of the same order as any observer error. Therefore, our study indicates that this error should be corrected for when trying to improve the accuracy of measurements, or deriving any predictive contribution from follicular fluid volume (Saith et al., 1998) . This has implications for potential clinical use of 3D ultrasound in follicular studies in future.
